Abstract: Magnesium ions (Mg 2+ ) play an important role in mammalian cell function; however, relatively little is known about the mechanisms of Mg 2+ regulation in disease states. An advance in this field would come from the development of selective, reversible fluorescent chemosensors, capable of repeated measurements. To this end, the rational design and fluorescence-based photophysical characterisation of two spiropyran-based chemosensors for Mg 2+ are presented. The most promising analogue, chemosensor 1, exhibits 2-fold fluorescence enhancement factor and 3-fold higher binding affinity for Mg 2+ (K d 6.0 µM) over Ca 2+ (K d 18.7 µM). Incorporation of spiropyran-based sensors into optical fibre sensing platforms has been shown to yield significant signal-to-background changes with minimal sample volumes, a real advance in biological sensing that enables measurement on subcellular-scale samples. In order to demonstrate chemosensor compatibility within the light intense microenvironment of an optical fibre, photoswitching and photostability of 1 within a suspended core optical fibre (SCF) was subsequently explored, revealing reversible Mg 2+ binding with improved photostability compared to the non-photoswitchable Rhodamine B fluorophore. The spiropyran-based chemosensors reported here highlight untapped opportunities for a new class of photoswitchable Mg 2+ probe and present a first step in the development of a light-controlled, reversible dip-sensor for Mg 2+ .
Introduction
Magnesium ions (Mg 2+ ) play an important role in mammalian cell function [1] [2] [3] [4] , as an enzymatic cofactor [5] , regulator of cellular ion channels [6] [7] [8] and energy metabolism [9] . Conditions such as Type 2 Diabetes [10] [11] [12] , Alzheimer's [13, 14] and cardiovascular disease [15, 16] have been linked with magnesium deficiency, however the mechanisms of Mg 2+ regulation in such disease states are poorly understood [17, 18] . Fluorescent chemosensors, in combination with specialised imaging technologies, provide a useful tool to study the role of metal ions in cellular processes as they enable detection in and around cells with spatial and temporal resolution [19] .
Mag-fura-2 (FURAPTRA) [20, 21] is one such commercially available chemosensor for Mg 2+ , based on a benzofuran fluorophore scaffold and functionalised with the O-aminophenol-N,N,O-triacetic 
off') isomer, and the proposed ring-opened, highly fluorescent merocyanine (MC 2 -Mg 2+ , 'on') complex. Structures of the (B) KMG [29] and (C) MGQ [30] chemosensors with the proposed Mg 2+ -binding domains highlighted.
For example, the ability to turn metal ion sensing on and off, with an external and non-invasive stimulus such as light, would extend the range of sensing capability for live-cell imaging. A photoswitchable spiropyran presents as one such sensing moiety, where these structures form the basis of a chemosensor when functionalised with a suitable ionophore that is capable of complexing with a metal ion [33, 34] . Photo-controlled switching between the weakly fluorescent spiropyran (SP) and highly fluorescent merocyanine (MC) isomers occurs on irradiation with UV light or in the presence of the target metal ion, while visible light reverses the isomerisation (see 1 and 2 Figure 1A ) [35] [36] [37] . Recently, we have reported the combination of spiropyran-based chemosensors with microstructured optical fibres for the nanoscale detection of metal ions [38] [39] [40] . These systems have been shown to yield significant signal-to-background changes with minimal sample volumes, a real advance in biological sensing that enables measurement on subcellular-scale samples. Importantly, spiropyrans are among the most stable photoswitches in the light intense microenvironment of an optical fibre [41] . The fibre also provides a platform for sensing metal ions in confined spaces such as the medium surrounding cell clusters, oocytes and embryos, and in the in vivo environment [42] [43] [44] .
Here we present two rationally designed, spiropyran-based chemosensors for Mg 2+ (1 and 2, Figure 1A ). Chemosensor 1 consists of a photoswitchable spiropyran fluorophore scaffold, functionalised with a butanoic acid at the N1-indole. The molecule is designed to chelate Mg 2+ through the free carboxyl group, in combination with the phenoxide of the ring-opened merocyanine isomer. We envisaged that 1 would bind Mg 2+ in a 2:1 chemosensor to metal ion ratio (depicted in Figure 1A ), in a design inspired by the Mg 2+ -selective, literature chemosensors described above [28] [29] [30] . An electron withdrawing NO 2 group was incorporated at the C6' position of the benzopyran ring, since such groups are known to further promote metal ion binding by stabilising the ring-opened MC isomer [45] . The fluorinated analogue 2 was also investigated as a moderately electron withdrawing fluoro-substituent is known to give rise to relatively high fluorescence yields compared to a nitro analogue [39] . It is interesting to note that while absorbance-based photophysical studies have previously been reported on 1 [33, 46] , the fluorescence properties of this chemosensor in the presence of Mg 2+ are unknown. As such, this work reports on the rational design and photophysical characterisation of the first spiropyran-based fluorescence chemosensors for Mg 2+ and demonstrates the photo-compatibility of chemosensor 1 within a suspended core optical fibre (SCF) as a first step in the development of a light-controlled, reversible dip-sensor for Mg 2+ . 
Materials and Methods

All
Ethyl 4-(
To a solution of 2-hydroxy-5-nitrobenzaldehyde 7 (52 mg, 0.31 mmol) in dry ethanol (5 mL) was added 6 (100 mg, 0.28 mmol) and the solution heated at reflux for 18 h. The solvent was removed in vacuo to give a brown crude solid (156 mg). The crude compound was purified on normal-phase silica by gradient column chromatography in 0-10% methanol in dichloromethane to give 3 as a purple solid (64 mg, 54%). 
To a solution of 4 (200 mg, 0.51 mmol) in methanol (10 mL) was added 2 M aqueous NaOH (5 mL) and the reaction heated at 50 • C for 5 h. The solvent was removed in vacuo to give an orange solid (1.362 g). A sample of the crude material (100 mg) was purified by reverse-phase HPLC eluting water and acetonitrile (60-100%) to give a purple solid consisting of 2 in mixture with its MC isomer (41 mg 
To a solution of 3 (224 mg, 0.53 mmol) in methanol (10 mL) was added 2M aqueous NaOH (5 mL) and the reaction heated at 50 • C for 5 h. The solvent was removed in vacuo to give an orange solid (1.441 g). The crude material was purified by reverse-phase HPLC eluting with water and acetonitrile (60-100%) to give 1 as an orange solid (104 mg, 50%). 
Spectroscopic Analyses of Chemosensors 1-4
Stock solutions of spiropyrans (5 mM) were prepared in HPLC-grade acetonitrile. Stock solutions of metal ion salts (10 mM) were prepared in water from dried perchlorate salts of Li + , Na + , K + , Mg 2+ , Ca 2+ , Mn 2+ , Cu 2+ , Zn 2+ , and Cs + (from Cs 2 SO 4 ). For the selectivity studies, solutions were prepared (in triplicate) on the same microplate tray from 2 µL spiropyran and 2 µL of ion stock solutions, such that each replicate contained a 2:1 molar ratio of ion: spiropyran. 196 µL of HPLC grade acetonitrile was then added to dilute each replicate, such that the final concentrations of spiropyran and ions in each solution were 50 µM and 100 µM, respectively. The microplate tray was then incubated in the dark for 10 mins before reading. Absorbance and fluorescence spectra were recorded between 300 and 700 nm, and 555 and 800 nm, respectively, at 25 • C using a BioTek Synergy H4 Hybrid Multi-Mode Microplate Reader. The scanning resolution was 5 nm, with a band pass of 9 nm. Fluorescence excitation was at 532 nm, with 100 gain setting for all chemosensors. All absorbance and fluorescence measurements were repeated in triplicate. The error bars presented represent a standard deviation about the mean value. Further details of the solution-based fluorescence experiments are reported in the Supporting Information.
Photoswitching in Optical Fibre
A 5 mW laser was coupled into the core of a suspended core fibre (SCF) via dichroic mirror at a wavelength of 532 nm using 60× objective as described previously [39] . One end of the fibre was filled by capillary action by dipping in an acetonitrile solution containing chemosensor 1 (500 µM) and Mg 2+ (1 mM). The chemosensor-filled SCF was then exposed to a 532 nm green laser for 2 min, and fluorescence was measured after excitation with the same 532 nm laser (10 × 50 ms). Next, the SCF was exposed to UV light (365 nm) for 5 min to facilitate photoswitching to the ring-opened MC(1)-Mg 2+ complex, and fluorescence was measured again after excitation with the 532 nm green laser (10 × 50 ms). This process was repeated for 10 cycles to investigate photoswitching of 1 in the presence of Mg 2+ . Fluorescence of Rhodamine B was similarly recorded; however, UV irradiation was not required for the 'on' cycles as this fluorophore does not photoswitch.
Results and Discussion
DFT Modelling
Structures of chemosensors 1 and 2, bound with both Mg 2+ and Ca 2+ , were calculated by density functional theory based on a 2:1 binding of ring opened merocyanine isomer to metal ion (see Figure 1 ). This proposed coordination geometry has precedent for similarly functionalised spiropyran-based chemosensors with divalent metal ions [47] [48] [49] . Two water molecules were included in the initial calculations to provide additional coordinating sites, based on the metal-bound crystal structure reported for a similar spiropyran [47] . Geometry optimised structures were obtained using the B3LYP functionals [50] and 6-311G** basis set for all atoms, within the Gaussian09 package [51] .
The optimised structures for chemosensor 1 bound to Mg 2+ and Ca 2+ are presented in Figure 2 . The resulting complexes of 1 bound with Mg 2+ and Ca 2+ are both hexa-coordinated, such that the ion is bound by two, bidentate MC ligands, with two water molecules fulfilling the coordination of the metal in each case. The Mg 2+ ···O distances are between 2.07 and 2.13 Å, and Ca 2+ ···O distances are between 2.37 and 2.46 Å. The reaction energies for the formation of the M[1(MC) 2 (H2O) 2 ] species were calculated to be −299.0 kJ/mol and −137.8 kJ/mol for Mg 2+ and Ca 2+ , respectively. Similar results were observed for the fluorinated chemosensor 2 (see Figure S9 ). Taken together, the more negative ∆G 298 for the formation of the Mg[1(MC) 2 
Synthesis
Compounds 1 and 2 were prepared as outlined in Scheme 1. Commercially available 3,3-dimethyl-2-methyleneindoline 5 was alkylated with ethyl-4-bromobutanoate to give the previously reported indoline 6 [38] . Separate condensation reactions of 2-hydroxy-5-nitrobenzaldehyde 7 or 5-fluoro-2-hydroxybenzaldehyde 8, with indoline 6 in refluxing ethanol, gave the ester-protected spiropyrans 3 and 4, respectively which were fully characterised by 1 H, 13 C-NMR and HRMS (see Figures S1-S4 and S8) . Spiropyrans 3 and 4 were then separately treated with 2 M aqueous NaOH in order to hydrolyse the ester protecting groups, and the crude, free-acid products were then purified by reverse-phase HPLC, respectively. The resulting compounds were characterised by 1 H, 13 C-NMR and HRMS, with details reported in Supporting Information (Figures S5-S8) . The proton NMR spectrum of 1 shows the chemosensor fully in the ring-closed SP form, as is consistent with previous studies [33] . Interestingly, the proton NMR spectrum of 2 suggests a mixture of SP and MC isomers. Based on this, subsequent work was focused on chemosensor 1. 
Sensor Characterisation
Absorbance and fluorescence emission spectra of chemosensor 1 (50 µM in acetonitrile) were first measured in the presence of an excess of Mg 2+ (100 µM), as well as other biologically relevant metal ions (Li + , Na + , K + , Cs + , Ca 2+ , Mn 2+ , Cu 2+ and Zn 2+ ), to characterise its selectivity profile. Spectra were recorded in ambient light conditions, in order to characterise the metal-induced SP to MC isomerisation [36, 37] . Results displayed in Figure 3 show that chemosensor 1 has the highest fluorescence emission in the presence of Mg 2+ , 2-fold higher than that of Ca 2+ and 3-4-fold higher than for Li + and Zn 2+ . In the presence of excess Mg 2+ , 1 gives an emission maximum at 590 nm, hypsochromically shifted compared to the chemosensor in the presence of Ca 2+ (605 nm) or in the absence of metal ions (605 nm). These maxima are characteristic of the MC-form of the spiropyran, and thus, metal ion binding induces isomerisation of chemosensor 1 to the more coloured MC(1)-M 2+ complex [36] . As has been reported previously [33] , chemosensor 1 exhibits a significant increase in the characteristic MC absorbance in the prescence of Cu 2+ (Figure S10 ), while the absorbance spectra of the 1-Mg 2+ and 1-Ca 2+ species are similar to the SP form of 1 under ambient light conditions (see Figure 3A ) [36] .
Data pertaining to the photophysical characterisation of chemosensor 1 is presented in Table 1 . The binding stoichiometry of 1 in the presence of excess Mg 2+ was next defined by Job's plot analysis, as displayed in Figure 3C . Chemosensor 1 binds Mg 2+ in a 2:1 ratio (Job's plot apex at 0.33), in agreement with the design proposal and DFT modelling discussed above. Similarly, Job's analysis showed that 1 also binds Ca 2+ in a 2:1 ratio (apex at 0.33, Figure S11 ). Dissociation constants (K d ) for the binding of 1 with Mg 2+ and Ca 2+ , respectively, were determined by fitting a saturation binding model to concentration curves of the chemosensor (50 µM) with increasing concentrations of metal ions (1-200 µM) ( Figure S12 ). The dissociation constant for chemosensor 1 with Mg 2+ was calculated to be 6.0 µM, and a 3-fold weaker affinity was observed with Ca 2+ (K d = 18.7 µM) . Finally, the quantum yields of fluorescence for chemosensor 1 in the presence of Mg 2+ (Φ = 0.20) and Ca 2+ (Φ = 0.06) were determined via the method described in the Supporting Information, using Rhodamine B as the calibration standard ( Figure S13 ) [52] . 1 Measurements recorded at 25 • C in acetonitrile solvent, under ambient light conditions. 2 Stoichiometric ratio of chemosensor to metal ion determined from Job's plot (apex). 3 Relative fluorescence quantum yield determined in acetonitrile using Rhodamine B (Φ = 0.31) as a standard. * No data obtained.
The absorbance and fluorescence emission spectra for the fluorinated chemosensor 2 were similarly analysed. Fluorescence emission spectra gave two distinct emission maxima, which are attributable to the SP (~560 nm) and MC (~605 nm) isomers of chemosensor 2 [36] and suggest the presence of both these species in solution ( Figure S14 ), as per the earlier proton NMR spectrum. The chemosensor shows a similar fluorescence response in the presence of Mg 2+ and Zn 2+ with non-significant response for all other ions. In particular, a diminished fluorescence is observed in the presence of Ca 2+ compared to chemosensor 1. In all cases, while the presence of metal ions appears to affect the fluorescence intensity of chemosensor 2, no shifts in the emission maxima are observed. Interestingly, chemosensor 2 exhibits no absorbance in the characteristic MC region and unlike chemosensor 1, no absorbance was observed for the 2-Cu 2+ species ( Figure S10 ). Job's plot analysis of chemosensor 2 suggests multiple potential binding stoichiometries may be present ( Figure S15 ). Based on these results, subsequent optical fibre-based studies were only performed on chemosensor 1. Finally, fluorescence emission spectra of the ester-protected precursors 3 and 4 revealed a loss of fluorescence intensity in the presence of all ions (see Figure S16) , indicating that the free carboxylic acid (of 1 and 2) is important for metal ion chelation, and hence chemosensor brightness and selectivity as per the earlier discussion and modelling results.
Photoswitching in an Optical Fibre
In the final part of the study, chemosensor 1 was combined with a microstructured optical fibre in order to demonstrate compatibility and as a first step in the development of a light-controlled, dip-sensor for Mg 2+ . Photostability and photo-reversibility of analyte binding to 1 were defined on a silica-based, in-house fabricated suspended core optical fibre (SCF) [53, 54] , which allows rapid photoswitching using a laser. Interaction between the light and 1 in microstructured optical fibres is extended along the entire length of the fiber, while maintaining the integrity of the device. In SCFs, the glass core is suspended in air by thin struts, allowing a portion of the guided light to extend outside the fiber core into the surrounding holes which serve as low-volume sample chambers (see Figure 4A , schematic). Photoswitching between the weakly fluorescent SP isomer and the highly fluorescent MC(1)-Mg 2+ complex was achieved by irradiation with UV ('on'-cycle, 365 nm lamp) and visible light ('off'-cycle, 532 nm green laser), respectively, within the SCF platform. A significant decrease in signal was observed in the first 4 experimental cycles, falling to 50% of the initial fluorescence, as seen in Figure 4B . This decrease is likely the result of the sensor switching back to the weakly-fluorescent SP isomer under the influence of the 532 nm laser light and/or light induced parasitic side reactions that led to the formation of non-switchable by-products, a process that is not completely understood and beyond the scope of this work [55] . In comparison, the fluorescence of Rhodamine B (a fluorophore capable of excitation under the same 532 nm laser but not photoswitchable) fell to 30% of the initial fluorescence by the same photoswitching cycle in a similar experiment. These results demonstrate that chemosensor 1 is capable of photoswitching over multiple cycles in the SCF platform, however future work is needed to optimise the laser power and intensity to reduce the initial photo-decolouration.
Conclusions
Here we present the rational design and photophysical characterisation of spiropyran-based chemosensors for Mg 2+ , 1 and 2. Fluorescence characterisation revealed that the C6'-nitro functionalised chemosensor 1 exhibits a 2-fold fluorescence enhancement factor for Mg 2+ over Ca 2+ ions, comparable to the commercially available mag-fura-2 [21] . Importantly, the dissociation constant (K d ) of 1-Mg 2+ was calculated to be 6.0 µM, with a 3-fold weaker affinity observed for 1-Ca 2+ (18.7 µM). As proposed by DFT modelling, stoichiometric studies support 2:1 chemosensor to metal ion binding of 1 with Mg 2+ . Interestingly, structural and fluorescence characterisation of the C6'-fluorinated analogue 2 suggests the presence of both SP and MC species in solution, while stoichiometric studies indicate a complex metal binding relationship with Mg 2+ . Subsequent studies were thus focused on 1, which was combined with a suspended core optical fiber (SCF) as a first step towards the development of a light-controlled, reversible dip-sensor for Mg 2+ . Fibre-based photoswitching experiments revealed reversible Mg 2+ binding with improved photostability, as compared to the non-photoswitchable Rhodamine B fluorophore. 
